␣-Amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA)-type glutamate receptors undergo constitutive and ligand-induced internalization that requires dynamin and the clathrin adaptor complex AP-2. We report here that an atypical basic motif within the cytoplasmic tails of AMPA-type glutamate receptors directly associates with 2-adaptin by a mechanism similar to the recognition of the presynaptic vesicle protein synaptotagmin 1 by AP-2. A synaptotagmin 1-derived AP-2 binding peptide competes the interaction of the AMPA receptor subunit GluR2 with AP-2 and increases the number of surface active glutamate receptors in living neurons. Moreover, fusion of the GluR2-derived tail peptide with a synaptotagmin 1 truncation mutant restores clathrin/AP-2-dependent internalization of the chimeric reporter protein. These data suggest that common mechanisms regulate AP-2-dependent internalization of pre-and postsynaptic membrane proteins.
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endocytosis ͉ postsynaptic ͉ sorting signal ͉ synaptic plasticity F ast neurotransmission at excitatory synapses is mediated by heterotetrameric ␣-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA)-type glutamate receptors composed of combinations of four subunits (GluR1-4). AMPA receptors interact with different factors including the transmembrane protein stargazin (1) , PDZ proteins GRIP1/ABP, SAP97, and PICK1, and NSF (2) . Accumulating evidence suggests that rapid changes in functional postsynaptic AMPA receptor numbers are important means of controlling synaptic efficacy (2) (3) (4) (5) . AMPA receptors undergo constitutive and regulated clathrin-and dynamin-dependent endocytosis via distinct AMPA-or NMDAinduced signaling cascades (reviewed in refs. [2] [3] [4] [5] . How exactly AMPA receptor cargo is targeted for clathrin-mediated internalization remains an open question. One possibility is that AMPA receptors are recognized by endocytic adaptor proteins such as the clathrin adaptor complex AP-2, a major endocytic protein interaction hub (6) (7) (8) . NMDA-induced AMPA receptor internalization can be blocked by overexpression of a GluR2 cytoplasmic tail (CT) peptide (pep2r) or by mutating the putative AP-2 binding motif within the GluR2 CT. Infusion of hippocampal CA1 neurons with the putative AP-2-blocking peptide prevents induction of long-term depression (LTD), suggesting that the association of GluR2 with AP-2 may be an important determinant for NMDA-induced LTD (7). Whether AP-2 directly binds to GluR2 CTs and via which of its four subunits is unknown.
Here we have identified the molecular determinants responsible for binding of AP-2 to the CTs of AMPA-type glutamate receptors. We demonstrate that the 2 subunit of AP-2 interacts directly and with nanomolar affinity with a basic motif found in CTs of GluR1-3 and the presynaptic vesicle protein synaptotagmin 1. Our data thus suggest that common mechanisms regulate AP-2-dependent internalization of pre-and postsynaptic membrane proteins.
Results

AMPA Receptor
CTs Directly Bind to AP-2. Given the importance of endocytic internalization of AMPA-type glutamate receptors for synaptic plasticity phenomena (7), we decided to dissect the putative interaction between GluR2 CT and AP-2 in molecular detail. In agreement with earlier reports (7), we found that GluR2 partially colocalizes with AP-2 within dendrites of hippocampal neurons after glutamate stimulation (Fig. 1A) , and its CT specifically pulls down AP-2, but not the related endosomal adaptor complex AP-3 or other endocytic proteins including clathrin, dynamin 1, eps15, or HIP1R [supporting information (SI) Fig. 6 ]. A point mutant of GluR2 CT, in which a conserved lysine residue within the putative AP-2-binding sequence had been replaced by alanine (K844A), did not bind to AP-2, nor did GST.
To find out whether AP-2 was able to bind directly to GluR2 CT and, if so, via which of its four subunits, we performed pull-down experiments using 35 S-labeled AP-2 subunits synthesized by coupled transcription/translation in vitro. GST-GluR2 CT wild type but not its K844A mutant specifically associated with 2-adaptin (Fig. 1B) . To confirm this result we incubated purified His 6 -2-adaptin (residues 157-435) (8) with GSTGluR1-3 CTs or GST. As seen in Fig. 1C (Ponceau; ␣-His) His 6 -2 (157-435) robustly bound to the CTs of GluR2 and GluR3, but not to GST. Very weak if any specific binding to GluR1 was detected perhaps because of the exchange of one lysine residue within the AP-2 binding sequence for cysteine (C843; compare Fig. 2A ). Similar results were seen for native AP-2 complexes from the brain (Fig. 1C, bottom blot) . Recombinant 2 (157-435) was also able to compete the association of native AP-2 complexes with GST-GluR2 CT in a dosedependent manner (Fig. 1D ). These data indicate that the CTs of AMPA-type glutamate receptors directly interact with AP-2.
AP-2 Binds to GluR2 via an Atypical Basic Motif also Found in the
Presynaptic Vesicle Protein Synaptotagmin. Because the association of GluR2 CT with AP-2 appears to require the presence of several basic lysine and arginine residues within a conserved sequence of its CT (7), we wanted to find out whether similar characteristics hold true for the direct binding of GluR2 CT to purified 2-adaptin. Mutation of one of several basic residues (i.e., K844, R845, and K847) contained within the putative AP-2 binding motif of GluR2 CT to alanine significantly diminished binding to recombinant 2 (157-435) (Fig. 2B) . Because the atypical AP-2 interacting motif is not only conserved between different AMPA receptor subunits but also bears similarity to the AP-2 binding site of synaptotagmins (Fig. 2 A) (9) , we hypothesized that both protein families may use a common recognition mechanism for their clathrin/AP-2-dependent internalization. Hence, one would expect that synaptotagmin and GluR2 bind to AP-2 via the same site. To test this we performed affinity chromatography experiments using GSTGluR2 CT and 2 in the presence of different endocytic internalization motifs. Strikingly, binding of 2 to GST-GluR2 CT was inhibited by an AP-2 binding peptide derived from the C2B domain of synaptotagmin 1 (KR) but not by classical tyrosine-(YQRL) or dileucine-based (LL) endocytic sorting motif peptides (Fig. 2C) . Similar results were seen for the association of native AP-2 with GluR2 CT (SI Fig. 7 ). Small amounts of AP-2 coimmunoprecipitated with GluR2 from synaptosomal rat brain lysates, and this interaction was inhibited by the synaptotagmin 1-derived basic AP-2 binding peptide (SI Fig.  7B ). A mutant version of the peptide in which two of the conserved lysine residues had been replaced by alanines (AA) was unable to interfere with binding of 2-adaptin (157-435) (Fig. 3A) or native AP-2 ( Fig. 3B ) to GST-GluR2 CT. As seen for the interaction between AP-2 and synaptotagmin 1 (10), the binding of GST-GluR2 CT could be competed by increasing GluR2 CT directly binds to AP-2. 35 S-labeled ␣, ␤2, 2, or 2-adaptins translated in vitro were incubated with GST, GST-GluR2 CT, or an AP-2 binding-defective mutant (K844A) (100 g). Bound material was analyzed by SDS/PAGE and autoradiography. 25% Std., 25% of the total amount of radiolabeled protein added to the assay. (C) Binding of purified His6-tagged 2 (157-435; top blot) or AP-2 (bottom blot) to GluR1-3 CTs. Immobilized GST fusion proteins (30 g) were incubated with recombinant His6-tagged 2 (157-435) or Triton X-100-extracted rat brain lysates and washed extensively, and complexes were resolved by SDS/ PAGE and staining with Ponceau S or analyzed by immunoblotting. RBE input was 20 g of rat brain lysate. (D) Recombinant 2 (157-435) competes the association of native AP-2 with GST-GluR2. Affinity purification of AP-2 using GST-GluR2 CT (20 g) was performed in the presence of increasing concentrations of 2 (157-435) or BSA. Samples were analyzed by immunoblotting for AP-2 or NSF. * , Cross-reactive band decorated with anti-NSF antibodies; Std, Triton X-100-extracted rat brain lysate (50 g total protein).
Fig. 2.
Binding of 2-adaptin to the GluR2 CT involves basic residues and can be competed by a synaptotagmin 1-derived AP-2 binding peptide. (A) Multiple sequence alignment of the AP-2 binding motifs from synaptotagmin 1 (residues 317-335), synaptotagmin 2 (318 -336), synaptotagmin 9 (397-415) (C2B domains from rat), GluR1 (residues 830 -850), GluR2 (residues 837-856), and GluR3 (residues 842-861) CTs (rat) using the Clustal W algorithm. Conserved basic residues are boxed (red). (B) GluR2 CT or point mutants thereof were used for pull-downs with His6-tagged 2 (157-435) (see legend to concentrations of inositol(1,2,3,4,5,6)-hexakisphosphate, but not by inositol(1)-monophosphate (Fig. 3C) , further strengthening the hypothesis that synaptotagmin 1 and GluR2 bind to AP-2 via similar mechanisms. Quantitative analysis of the association of 2 (157-435) with the GluR2 CT-derived basic motif peptide by surface plasmon resonance revealed a high-affinity interaction with a K D of Ϸ56 nM (Fig. 3D and SI Fig. 8 ). Much weaker binding was seen for a mutated peptide in which two of the basic residues corresponding to K844 and R845 (see Fig. 2 A) were replaced by alanines (data not shown). To obtain insights into the physiological relevance of the interaction between GluR2 and 2-adaptin we constructed chimeric proteins between synaptotagmin 1 lacking its C2B domain and wild-type (pep2r) or mutant (pep2M) versions of the GluR2-derived AP-2 binding peptide (Fig. 4A Upper) . When transfected into fibroblasts synaptotag-
tagged with an extracellular FLAG epitope) were subjected to an antibody feeding assay the chimeric reporter protein underwent rapid internalization in 29 Ϯ 10% of transfected cells (SI Fig. 9B ), similar to that seen for native homomeric GluR2 receptors (SI Fig. 9A ). However, if two of the basic residues within the pep2r sequence that were essential for AP-2 binding were mutated to alanines the ability of the chimeric reporter to become endocytosed was lost: internalization was detectable in only 4% of the transfected cells (Fig. 4A Lower) . The synaptotagmin 1 ⌬C2B reporter membrane protein itself did not undergo detectable internalization (Fig. 4A Lower) , even after prolonged incubation times (data not shown). In agreement with this, we noted that upon cotransfection of a synaptotagmin 1 ⌬C2B chimera harboring a functional AP-2 binding GluR2 peptide (pep2r) soluble 2-adaptin (157-435) was recruited to the plasmalemma (SI Fig.  10 ), suggesting an association of both proteins in living cells.
To test whether endocytosis of synaptotagmin 1 ⌬C2Bpep2r is an AP-2-dependent process we used siRNAs directed against AP-2 (11, 12). Transfection of Cos7 fibroblasts with the anti-2 siRNA but not with a control siRNA (directed against the TGN protein ␥-BAR) resulted in knockdown of AP-2 expression by Ͼ85% (Fig. 4B ) and a corresponding loss of AP-2␣-coated pit staining, paired with the inability of the AP-2 knockdown cells to internalize fluorescently labeled transferrin (data not shown; see also ref. 12). AP-2 knockdown cells also displayed a strongly reduced ability to endocytose the synaptotagmin 1 ⌬C2Bpep2r chimera, whereas control siRNA-treated fibroblasts were unaffected (Fig. 4 C and D) (P Ͻ 0.01%). A randomized 2 siRNA sequence had no effect on AP-2 levels (11) or on internalization (data not shown). Thus, the GluR2-derived AP-2 binding motif is able to target a chimeric reporter protein for clathrin/AP-2-dependent internalization.
Disruption of AP-2 Binding to GluR by a Synaptotagmin 1-Derived AP-2
Binding Peptide Leads to Increased Numbers of Surface Active Receptors in Living Neurons. We finally analyzed the functional consequences of disrupting AP-2 recruitment to native GluRs in neurons. To this aim we carried out whole-cell patch clamp electrophysiological experiments to measure AMPA receptormediated miniature excitatory postsynaptic currents (mEPSC). It has been previously reported that blocking dynamindependent endocytosis results in an increase in the amplitude of AMPA receptor responses (13) . We predicted that the Syt-1 peptide (KR), which binds AP-2 with high affinity, would block GluR internalization and similarly cause an increase in mEPSC. In agreement with this prediction, we found that dialysis with Syt-1 KR peptide (40 g/ml) caused a significant increase in the mEPSC amplitude (Fig. 5A) and frequency (Fig. 5B) . Representative mEPSC traces are illustrated in SI Fig. 11 . Presumably, the increase in frequency is due to the recruitment of mEPSC previously below the threshold of detection, owing to an increased number of surface active GluRs. Increased mEPSC amplitudes (15.3 Ϯ 2.3%, n ϭ 7) and frequencies (20.4 Ϯ 8.2%, n ϭ 7) were seen only for the Syt-1 KR peptide, whereas the mutant control peptide (AA), in which two lysines had been exchanged for alanines, had little effect (mEPSC amplitude; 0.2 Ϯ 1.5%, n ϭ 6; mEPSC frequency: 3.4 Ϯ 2.5%, n ϭ 6) (Fig.  5C ). No significant difference between these two peptides was observed on the mEPSC rise time or the mEPSC decay kinetics, suggesting that the effects of Syt-1 KR are not due to modulation of channel gating. These electrophysiological data thus confirm our proposal derived from biochemical studies that pre-and postsynaptic membrane proteins may use common mechanisms for clathrin/AP-2-mediated internalization. 
Discussion
Recent studies have provided strong evidence that AMPA receptors undergo rapid recycling in postsynaptic neurons via a clathrin-and AP-2-dependent process (2, 3, 5, 7, (14) (15) (16) . In agreement with the observation that GluR2 exerts dominant effects over GluR1 with regard to AMPA receptor internalization (15), we have found that AP-2 appears to interact much more efficiently with GluR2 or GluR3 than with GluR1 CTs. Moreover, we have mapped the GluR2 binding activity to a site within 2 that is also responsible for its binding to inhibitory postsynaptic GABA A receptors (17) and to the presynaptic vesicle protein synaptotagmin (9, 18) , suggesting a common mechanism for recognition of pre-and postsynaptic membrane cargo proteins by AP-2. This view is also supported by our observation that increasing concentrations of inositolpolyphosphates inhibit the association of GluR2 with AP-2, similar to what has been reported before for the synaptotagmin 1-AP-2 complex (10). Consistent with this we show that the atypical AP-2 binding sequence of GluR2 is sufficient to target a synaptotagmin 1⌬C2B fusion protein chimera for AP-2-mediated internalization and, most importantly, that microinjection of a synaptotagmin 1-derived AP-2 binding peptide leads to increased surface levels of GluRs in living neurons in vivo.
AMPA receptor internalization can be triggered by different stimuli including low-frequency synaptic stimulation, ligand occupancy, or NMDA receptor activation (2, 3, 5) . In addition, GluR2-containing receptors undergo constitutive cycling in and out of synapses and between endosomal compartments and the cell surface (19) . The molecular determinants of these pathways have remained unexplored. Several of these mechanisms may contribute to hippocampal or cerebellar LTD. We have shown here that disruption of AP-2 binding to AMPA receptors leads to profound changes in the number of surface active GluRs and concomitant increases in the amplitude and frequency of mEPSCs in primary neurons. Our findings thus differ somewhat from the observations made by Lee et al. (7) , who observed a specific inhibition of low-frequency stimulation-induced LTD in hippocampal CA1 pyramidal cells after infusion of a GluR2-derived AP-2 binding peptide. These differences are most likely caused by distinct experimental conditions (i.e., EPSCs after low-frequency stimulation vs. mEPSC measurements). However, both types of physiological readouts underscore the importance of the interaction between AMPA receptors and AP-2 for regulating the number of surface active GluRs. It is conceivable that NMDA-induced changes in the phosphorylation state of postsynaptic proteins (14, 16, 20) promote the association of AP-2 with the atypical basic sorting signal within GluR CTs and lead to the accumulation of AMPA receptors in clathrin/ AP-2-coated pits (21) . The fact that the basic atypical AP-2 binding motif is conserved between species ranging from worms (22) to mice and between different AMPA receptor subtypes suggests that homo-and heterooligomeric assembly of AMPA receptor tetramers could modulate the affinity of the complex for AP-2 and might thus regulate clathrin/AP-2-mediated receptor internalization under different physiological conditions. Other mechanisms, including phosphorylation (23, 24) or ubiquitination (14) of GluR CTs, association with HIP1 (25), etc., are likely to also contribute to the regulation of AMPA receptor internalization.
The observation that various pre-and postsynaptic membrane receptors including AMPA and GABA A receptors (17) , as well as synaptotagmin family members (9) use a common mechanism for interacting with a cognate recognition site within subdomain B of 2-adaptin (17, 18) poses the question of how exactly this is accomplished and why a distinct atypical internalization signal is used for this type of cargo proteins. One possibility could be that atypical endocytosis signals within synaptic cargo membrane proteins could contribute to their sorting into specialized endosomes. For example, presynaptic vesicle proteins are sorted away from constitutive cargo within the presynaptic terminal. Likewise, postsynaptic membrane proteins may undergo targeting to distinct populations of early endosomes (15) , which are capable of segregating synaptic from constitutively internalized nonsynaptic cargo proteins, similar to what has been reported recently for other internalized ligands (26) . The use of a distinct highaffinity cargo binding site within AP-2 together with additional regulatory mechanisms, perhaps involving phosphoinositides such as PI(4,5)P 2 or inositolpolyphosphates, could contribute to this.
Materials and Methods Antibodies. For details see SI Materials and Methods.
independent experiments (n ϭ 4) were carried out, and 20 cells for each experiment and construct were counted. The statistical significance of different internalization levels for each condition was tested by applying a Pearson 2 test to the contingency table.
Whole-Cell Recordings. Whole-cell recordings of currents in cortical neurons from acute slices used standard voltage-clamp techniques (27) . The whole-cell patch technique (17) was used for recordings of mEPSC. See SI Materials and Methods for details.
Miscellaneous. For SDS/PAGE, immunoblotting, in vitro transcription/translation (Promega), and indirect immunofluorescence microscopy standard procedures were used. Knockdown experiments using siRNAs against 2-adaptin were done as described (11, 12) .
